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microRNAS are a diverse class of highly conserved small noncoding RNAs (ϳ22 nucleotides long) shown to play a critical role in fundamental biological processes including cellular differentiation, apoptosis, cell proliferation, and development. Currently, Ͼ800 human and mouse microRNAs have been identified (23) . MicroRNAs regulate protein expression by acting through perfect or imperfect complementation to 3=-untranslated regions (UTRs) of their target mRNAs, resulting in posttranscriptional repression of gene expression (19, 68) . With respect to chronic diseases, it has been shown that the microRNA gene-silencing pathway influences the processes of carcinogenesis and immune modulation (19, 83) . With regard to mechanisms of oncogene activation, loss of microRNA complementary sites due to widespread shortening of 3=-UTRs by alternative cleavage and polyadenylation selectively activates oncogenes and drives malignant transformation (43) . Along these lines, several studies have shown that dysregulation of microRNAs and their mRNA targets contribute to the initiation and progression of colon carcinogenesis (5, 65) . For example, microRNA (miR)-145 and miR-143 have been shown to act as tumor suppressors in the colon, while miR-21 can act as an oncogene by repressing several tumor suppressor genes including PTEN, Pdcd4, and TPM1 (4, 87) .
Several clinical and experimental studies have demonstrated that diets rich in n-3 polyunsaturated fatty acids (PUFAs) such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), found in fish oil, are protective against colon tumorigenesis (10, 38, 58, 81) . In contrast, n-6 PUFAs such as linoleic acid and arachidonic acid, found in vegetable oils, have been shown to enhance both the initiation and promotion of colon cancer (17, 57, 82) . These findings are supported by a growing list of clinical and epidemiological studies indicating a functional link between dietary fat intake and colon cancer risk (2, 3, 71) . In addition, it has been reported that the consumption of fiber, a source of butyrate in the intestinal lumen, may confer protection against colorectal cancers (8) . Intriguingly, the protective effect of n-3 PUFAs with respect to colon tumor development is enhanced when a highly fermentable fiber, pectin, rather than a poorly fermentable fiber, cellulose, is added to the diet (11, 14) . With respect to noncoding RNAs, we recently reported that these chemoprotective dietary agents favorably modulate carcinogen-directed noncoding microRNA signatures in the rat colon (17) . Several recent studies have also documented the chemoprotective effects of other dietary agents such as folate, retinoids, and curcumin (diferuloylmethane) on microRNA expression in different cancers (36, 69, 80) . Collectively, these data suggest a pervasive effect of diet in microRNA-mediated oncogenic transformation.
It has been shown that several tumor suppressors and proto-oncogenes can influence the formation of mature ribosomes and thereby regulate the activity of translation factors. Translational regulation plays an important role in repression/activation of gene expression during malignant transformation. In addition, some microRNAs that target mRNAs have been shown to be associated with polysomes and shuttle in the polysomal spectrum as a consequence of microRNA regulation (45, 48, (53) (54) (55) (56) 72) . To date, a genome-wide perspective of the effects of microRNAs on actively translated (polysomal) mRNA populations in the colon has not been performed.
To elucidate the biological function of intestinal microRNAs, it is necessary to infer microRNA activity by combining gene expression with microRNA target prediction. Since microRNAs interact with complementary mRNAs (posttranscriptional level), resulting in either degradation or translational repression of their mRNA targets (7, 26) , it is reasonable to expect that genome-wide profiling of gene expression and microRNAs will allow for the investigation of genomic changes in cancer development. Therefore, when mRNA and microRNA levels are measured in the same sample, an integrative analysis can be performed to compare both profiles and determine their interactions. Various computational algorithms are currently used to predict the target genes of microRNAs. However, since a single microRNA can directly target Ͼ200 genes and each mRNA may be regulated by several microRNAs (6, 40) , computational challenges in microRNA-mediated regulation persist. As a result, there have been several approaches taken to analyze microRNA and gene expression data, such as performing cluster analysis or computing correlation coefficients for microRNA and mRNA target expression (34, 37, 50, 68) .
In the absence of comprehensive human data, the azoxymethane (AOM) chemical carcinogenesis model serves as one of the most definitive means of assessing human colon cancer risk (1, 57) . Therefore, in this study, we determined the effect of carcinogen and diet on targets of colonic microRNAs in rats at 10 and 34 wk postinitiation. microRNA expression was quantified using a qPCR approach, and mRNA expression was quantified using a Codelink microarray platform. For the purpose of determining the effect of cancer progression and dietary chemoprevention on genomic profiles, we specifically examined the effect of carcinogen, n-6 vs. n-3 fatty acid effects, and fat ϫ fiber interaction on global colonic microRNA and mRNA expression profiles. Four complementary computational approaches were utilized to test the hypothesis that microRNAs and their posttranscriptionally regulated mRNA targets, i.e., both total mRNAs and actively translated mRNA transcripts (in polyribosome complexes), are differentially modulated by carcinogen and diet treatment. Specifically, gene enrichment analysis was used to obtain those microRNAs significantly enriched by the change in expression of their putative target genes across carcinogen and diet comparisons. This was complemented with canonical pathway analyses to further assess microRNA and mRNA interaction. In addition, cumulative distribution function (CDF) plots were used to evaluate the impact of diet/carcinogen on mRNA levels induced via microRNA alterations. For validation purposes, a subset of the gene targets was also examined at the protein level. Lastly, linear discriminant analysis (LDA) was used to identify the best single-, two-, and three-microRNA combinations for classifying diet effects and colon tumor development.
MATERIALS AND METHODS

Animals
Fifty-four weanling male Sprague-Dawley rats (Harlan, Houston, TX) were acclimated for 2 wk in a temperature-and humiditycontrolled facility on a 12 h light/dark cycle. The animal use protocol was approved by the University Animal Care Committee of Texas A&M University. The study was a 2 ϫ 2 ϫ 2 factorial design with two types of dietary fat (n-6 PUFA or n-3 PUFA), two types of dietary fiber (cellulose or pectin), and two treatments (injection with the colon carcinogen, AOM, or with saline). Animals (n ϭ 6 per group) were terminated 10 wk after AOM injection. For generation of colonic tumors, a second group of rats (n ϭ 6 per treatment) were continued on diet for 34 wk postinjection. All tumors were independently classified as adenocarcinomas by a board-certified pathologist.
Experimental Diets
Refer to Supplemental Methods for details. 1 
MicroRNA Analysis
Total RNA enriched with microRNA was isolated using mirVana microRNA Isolation Kit (Ambion, Austin, TX). Expression of 368 mature microRNAs was determined using TaqMan Human MicroRNA Panel Low Density Arrays (Applied Biosystems). microRNA expression was normalized to RNU6B expression. We disqualified 215 microRNAs due to low (close to background level) expression. The resultant readings were quantile normalized within each experimental condition, and one-way ANOVA analysis (t-test) was performed followed by false discovery rate correction. Adjusted P and q values were obtained, and significantly altered microRNAs (q Ͻ 0.05) with a fold change Ͼ1.3 or Ͻ0.7 were selected for further analysis.
mRNA Analysis
Polysome and total RNA were isolated from diet and carcinogentreated animals as previously described (16) . Refer to Supplemental Methods for details. Only genes with a G flag (good quality) from the microarrays were selected for further analysis. Expression values were median normalized per array. Similar to the case of microRNA, both total and polysomal RNA expression values were quantile normalized within each experimental condition. The normalization step was followed by one-way ANOVA, and significant (P Ͻ 0.05) differentially expressed mRNAs were identified.
MicroRNA Target Prediction
Since routine identification of an overlap between microRNA target prediction algorithms is discouraged (59), Target Scan (http:// www.targetscan.org/) was used to identify putative microRNA targets. This program predicts biological targets of microRNAs by searching for conserved 8-mer and 7-mer sites that match the seed region of the microRNA (39) . The predictions were ranked based on the putative efficacy of targeting as calculated using context scores of the sites (24) . Specifically, the algorithm generated P CT scores for the probability of any seed match being selectively maintained due to microRNA targeting. The higher the P CT score, the greater the probability that a microRNA could target a particular gene. In addition, the DIANA-microT 3.0 algorithm was utilized to verify Target Scan output (41) .
Computational Analyses
Overview of analysis pipeline. To infer the regulatory activities of microRNAs in the colon, microarray expression data was integrated with microRNA target prediction. For this purpose, three main biological comparisons were examined: 1) carcinogen effects (tumor vs. saline), 2) dietary fat effects in the presence of carcinogen (corn oil ϩ AOM vs. fish oil ϩ AOM), and 3) dietary fat ϫ fiber interaction in the presence of carcinogen [corn oil ϩ cellulose ϩ AOM (CCA) vs. fish oil ϩ pectin ϩ AOM (FPA)]. The global impact of diet and carcinogen on microRNAs and mRNA tissue profiles was systematically elucidated using four complimentary computational methods. In the first approach, Gene Set Enrichment Analysis (GSEA) (http://www. broad.mit.edu/gsea/index.jsp) was utilized. GSEA incorporates knowledge of known gene networks/pathways and identifies significantly enriched microRNA putative target lists based on the change in putative target expression. Analysis of the biological role of putative targets of microRNAs was performed using Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc. ncifcrf.gov/) (refer to Supplemental Methods for details). In the second approach, highly abundant microRNAs exhibiting an inverse trend with their mRNA targets based on fold change were examined. Treatment effects were examined relative to significantly altered total and polysomal mRNAs (P Ͻ 0.05). Next, microRNAs predicted to target mRNAs based on Target Scan were selected. Finally, the list of significantly altered total and polysomal mRNAs predicted to be targeted by several microRNAs was intersected with the list of significantly altered highly abundant microRNAs to obtain noncoding RNAs that were inversely related to their significantly altered target total and polysomal mRNAs. Network-eligible molecules were also combined into canonical pathways that maximize connectivity. Specifically, datasets containing significant differentially expressed genes and microRNAs (fold changes) for the three comparisons were uploaded into the Ingenuity Pathway Analysis (Ingenuity Systems, http://www.ingenuity.com) knowledge base. Separate core analyses were performed using microRNA and total mRNA datasets. The miRWalk (previously known as Argonuate) algorithm was used to predict the association of microRNAs with gene targets (63) . Molecules from each dataset that met the 1.5-fold change cut-off and were associated with biological functions and/or diseases in the Ingenuity's Knowledge Base were used to generate networks. Right-tailed Fisher's exact test was used to calculate P values determining the probability that biological functions and/or diseases assigned to each data set were not due to chance alone. For a general overview of this analysis, refer to Supplemental Fig. S1 . In the third approach, we examined the global influence of microRNA differential expression across the various diet/carcinogen treatments using CDF plots of fold change for putative mRNA target lists (refer to Supplemental Methods for details). In the final approach, LDA classification was performed using microRNAs as features to discriminate between the conditions described in the comparisons 1), 2), and 3) above (refer to Supplemental Methods for details). The general overview of the analysis pipeline is shown in Supplemental Fig. S1 .
Immunoblotting. To generate colonic protein extracts, the mucosa was scraped and homogenized in ice-cold buffer (50 mM Tris·HCl, pH 7.2, 250 mM sucrose, 2 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 100 mM sodium orthovanadate, 1% Triton X-100, 100 M activated sodium orthovanadate, 40 l/ml protease cocktail, and 10 mM ␤-mercaptoethanol). Samples were processed and subjected to polyacrylamide gel electrophoresis in precast 4 -20% Tris-glycine mini gels (Invitrogen). After electrophoresis, proteins were transferred onto a polyvinylidene fluoride membrane at 400 mA for 120 min. After the transfer, membrane was incubated in blocking solution (5% nonfat dry milk and 0.1% Tween 20 in PBS) at room temperature for 1 h with shaking. Following blocking, the membrane was incubated overnight at 4°C with rabbit TCF4 at 1:1,000 dilution (Cell Signaling Technology), rabbit PDE4B at 1:200 dilution (Abcam), rabbit PTK2B at 1:200 dilution (Santa Cruz Biotechnology), rabbit IGF1R 1:200 dilution (Santa Cruz Biotechnology) or mouse ␤-actin at 1:8,000 dilution (Sigma-Aldrich). Membranes were washed with PBS containing 0.1% Tween 20 and incubated with peroxidase conjugated antirabbit IgG secondary antibody at 1:8,000 dilution (Jackson Immuno Research) or goat anti-mouse at 1:30,000 (Kirkegaard & Perry, Gaithersburg, MD) as per manufacturer's instructions. Bands were developed using Pierce SuperSignal West Femto maximum sensitivity substrate and quantified with a Fluor-S Max MultiImager system (Bio-Rad, Hercules, CA). ␤-Actin was used as a loading control. The effect of treatment was assessed by nonparametric Mann-Whitney test using SPSS. P Ͻ 0.05 was considered to be statistically significant. Data represent significantly enriched microRNAs based on the differential expression of their putative targets in either total or polysomal mRNA datasets for the 3 comparisons: 1) tumor (T) vs. saline (S), 2) corn oil ϩ azoxymethane (AOM) (CA) vs. fish oil ϩ AOM (FA), and 3) corn oil ϩ cellulose ϩ AOM (CCA) vs. fish oil ϩ pectin ϩ AOM (FPA). GSEA, gene set enrichment analysis; size, number of differentially expressed mRNA putative targets; ES, enrichment score; NES, normalized enrichment score. 
miR-34a, miR-190, miR-193a, miR-214, and miR-215 are Enriched Based on Target (Total and Polysomal) mRNA Genome-wide Expression Analysis in Carcinogen-treated Rats
We have recently demonstrated that several colonic microRNAs are significantly altered in carcinogen (AOM) compared with saline-treated rats (17) . To further elucidate the regulation of these microRNAs, we determined whether they targeted total mRNA and/or polysome mRNAs. Utilizing a computational approach, GSEA, which incorporates knowledge of known gene networks/pathways and identifies significantly enriched microRNAs based on the change in expression of putative targets, we identified five enriched microRNAs, miR-34a, miR-190, miR-193a, miR-214, miR-215, out of 46 candidate microRNAs (Table 1A) in tumor vs. saline-treated rats. Examples of enrichment plots are shown in Fig. 1 . These noncoding RNAs were significantly enriched based on the change in expression of their total and polysomal mRNA targets. By plotting the data as a ratio intensity profile map, miR-34a, miR-190, miR-193a, miR-214, and miR-215 were shown to be highly abundant in the colon ( Fig. 2A) .
Diet Influences microRNA Enrichment in Carcinogen-injected Rats
GSEA analysis was also used to further elucidate the impact of diet and carcinogen treatment on microRNAs. With respect MicroRNAs were selected based on 3 criteria: 1) a significant fold change, 2) high abundance, and 3) inverse association with putative targets of microRNAs. (Table 1B) . Of these, only miR-146b was highly abundant (Fig. 2B) . With regard to the effect of dietary fat ϫ fiber interaction in the presence of carcinogen (CCA vs. FPA), five microRNAs (miR-19a, miR-93, miR-98, miR-130b, miR-206) were significantly enriched based on the change in expression of their total and polysomal mRNA targets (Table 1C ). In addition, three microRNAs (miR-26b, miR-30b, miR-206) were significantly enriched based on the change in the expression of their actively translated (polysome) mRNA targets (Table 1C) . Of these, miR-26b and miR-30b were shown to be highly abundant in the colon (Fig. 2C) . Collectively, GSEA identified 16 microRNAs which were significantly enriched in three comparisons (Table 1) , and nine microRNAs targeted polysomal mRNA. These data indicate that both total and polysomal mRNAs are important for prediction of microRNA regulation with respect to experimental colon carcinogenesis. Interestingly, miR-206 was significantly enriched in both the dietary comparisons.
Global Assessment of microRNA Targets Using CDF Analysis
Using Target Scan, we partitioned the putative targets of differentially expressed microRNAs based on the microRNA-mRNA seed pairing, or lack thereof, in the 3=-UTR. For each diet/carcinogen comparison and for both total and polysomal mRNA, we compared CDF plots of fold change for each subset of the partitioned mRNA targets. This provides a visual examination of the global effects of colonic microRNA differential expression for the various diet/carcinogen comparisons. Three relevant examples, miR-214 for tumor vs. saline, miR-18a for corn oil ϩ AOM vs. fish oil ϩ AOM, and miR-19a for CCA vs. FPA are shown in Supplemental Fig. S2 . For the majority of microRNAs, the lengths of the partitioned target lists were not sufficiently large to allow for statistically detectable differences between the associated CDFs. Overall, the qualitative visual representation of global microRNA provided from the CDF analysis was confirmatory of the GSEA findings.
Identification of Coherent Colonic microRNA-mRNA Modules
microRNAs have been shown to have an inverse relationship (coherent) with their mRNA targets (26) . To infer the relative activity of colonic microRNAs, we examined expression changes in total and polysome mRNA target transcripts. For 1) T vs. S, 2) CA vs. FA, and 3) CCA vs. FPA treatment comparisons, microRNAs were selected based on three criteria: 1) significant fold change (Tables 2 and 3) , 2) high abundance (Fig. 2) , and 3) a shared coherent relationship (demonstrating inverse trends based on fold change) with their mRNA targets (Tables 2 and 3 ). With the aid of the Target Scan prediction algorithm, we identified a subset of microRNAs whose levels were inversely altered relative to their putative mRNA targets (Tables 2 and 3 and Supplemental Table S1 ). With respect to total and polysomal mRNA data, we selected only those mRNAs that satisfied the above criteria. In the case of carcinogen-treated animals (T vs. S), miR-15b, miR-16, miR-103, miR-107, miR-141, miR-146b, miR-148b, miR-183, miR193a, miR-195, miR-204, and miR-497 exhibited coherent responses relative to their putative targets (Table 2) . Furthermore, miR-15b, miR-16, miR-103, and miR-107 all target RASSF5; while miR-141, miR-183, and miR-204 target TCF12, both of which are linked to the total mRNA datasets. miR-103 and miR-107 are derived from the same gene (cluster) and share similar sequences. In contrast, from the polysome mRNA dataset, YWHAB can be targeted by miR-148b; SLC11A2 is a putative target of both miR-195 and miR-497 (miR-195 cluster), FLl1 and GR1D1 can be targeted by miR-193 and miR-146b, respectively. With respect to the effect of dietary lipid source (CA vs. FA), miR-18a, miR-19b, miR-27b, miR-93, and miR-497 exhibited a coherent response at the total and polysomal mRNA levels (Table 3) . With regard to fat ϫ fiber interaction in the presence of carcinogen (CCA vs. FPA), miR-19b, miR-26b, and miR-203 were inversely associated with the total mRNA expression levels of PTK2B, IGF2R, PDE4B, and TCF4, respectively (Table 3) . To further assess the biological processes impacted by carcinogen and diet, gene ontology (GO) analysis was carried out and the top terms for the GO categories for each of the microRNA target gene sets was determined (Supplemental Table S3 ). The fold changes and significance of the microRNA target gene sets are listed in Supplemental Table S1 . We also processed protein samples from carcinogen-exposed animals fed corn oil ϩ cellulose (control) or fish oil ϩ pectin (chemoprotective) diets to determine if some of the predicted targets were altered at the protein level. Specifically, we selected highly expressed targets with known proto-oncogene functions, which were significantly modulated by fat ϫ fiber interaction. For example, PTK2B and PDE4B, both of which are predicted targets of miR-19b (Table   3) ; TCF4, a predicted target of miR-203 (Table 3) ; and IGF1R, a predicted target of miR-19b (Table 3) were assessed by immunoblotting. As expected, based on steady-state mRNA levels, PTK2B, PDE4B2, and TCF4 were upregulated (P Ͻ 0.05) by about twofold in CCA compared with FPA treatment (Fig. 3) . In contrast, no significant (P Ͼ 0.05) change was observed in IGF1R levels.
Together, these data indicate that 25 highly abundant microRNAs exhibited a significant (P Ͻ 0.05) inverse relationship with their putative polysome and total mRNA targets following diet and carcinogen exposure (Tables 2 and 3 and Supplemental  Table S1 ). Furthermore, microRNAs that were not highly abundant (low expressors), miR-219 and miR-9, also exhibited a significant (P Ͻ 0.05) inverse relationship with their putative total and polysomal mRNA targets (Supplemental Table S2 ).
Functional Analysis of Differentially Expressed microRNAs
To explore the functional relevance of select microRNA species and predicted targets in the context of colorectal cancer, microRNA and total mRNA data were analyzed using Ingenuity interactive pathway analysis (Ingenuity Systems, http://www.ingenuity.com) software. With respect to the effect of dietary fish oil treatment on carcinogen-injected rats, the top associated (P Ͻ 0.05) networks were NFAT, adenocarcinoma, Wnt/beta-catenin signaling, phospholipase C, and Notch signaling. Moreover, fatty acid metabolism in mitochondria was the top ranked canonical pathway. With respect to the fat ϫ fiber comparison, p38 Mapk signaling, RhoA signaling, and notch signaling genes were modulated (P Ͻ 0.03). In addition, Wnt/beta-catenin, carcinoma, and phospholipase C were the top ranked associated network functions (P Ͻ 0.01). For the dietary lipid (CA vs. FA) comparison, fish oil feeding downregulated microRNAs (miR-18a, miR-19b, miR-27b, and miR-93) targeted several differentially expressed targets that are involved in pathways related to colorectal cancer, e.g., ERK-MAPK, Wnt/␤-catenin, PTEN, and apoptosis (Fig. 4A) . These microRNAs also shared a coherent relationship with their predicted total mRNA targets (Table 3) . Moreover, the association of miR-19b and IGF1R shown by IPA analysis was also observed in the coherent analysis (Table 3) . Upregulation of IGF1R can lead to downregulation of genes such as SRC, INS, COL1A1, CXCR4, all of which have been associated with colorectal cancer (25, 61) . With regard to fat ϫ fiber interaction in the presence of carcinogen (CCA vs. FPA), the fish oil-pectin combination downregulated miR-16, miR-21, miR-26b, and miR-27b, which targeted several differentially expressed genes associated with adenocarcinomas, colorectal cancer, mTOR signaling, PI3K/ AKT signaling, and apoptosis (Fig. 4B) . Fat ϫ fiber effects on miR-26b and miR-27b were also observed in GSEA and coherent analyses (Tables 1 and 3) .
microRNA Expression and Treatment Classification
For the purpose of classifying colon tumor development using microRNAs, we applied LDA. The number of microRNAs (features) for each linear classifier was limited to three, which allowed for an exhaustive search while avoiding errors associated with small-sample setting feature extraction. Using this approach, the top 10 best single-, two-, and three-microRNA classifiers were queried as a means to distinguish phenotype; 1) T vs. S, 2) CA vs. FA, and 3) CCA vs. FPA. We noted several cases where single microRNAs can provide good (in terms of the error estimate) classification (Tables 4 and 5 ). As expected, when considering these features as part of two-or three-gene classifiers, a significant decrease in the classification error was noted (Table 5 ). To identify sets of microRNAs that perform in a multivariate manner to provide strong classification, we specifically looked for pairs of microRNAs that performed better than either of the microRNAs individually, and also triplets of microRNAs that performed well and substantially better than the best-performing pair among the three. To estimate the improvements of the classification performance, we introduced two quantities for each feature set: ε bolstered and ⌬(ε bolstered ). ε bolstered denotes the bolstered resubstitution error for the LDA classifier for the respective feature set of size n (n ϭ 1, 2, 3), and ⌬(ε bolstered ) denotes the decrease in error with respect to the highest ranked of its subset of features (in the list of features of size n Ϫ1, n ϭ 2, 3). The feature sets were ranked based on the value of ε bolstered . The top T vs. S (control) single-gene classifier (one-feature), miR-21 (ranked 1st in the list of single-miR classifiers) had an estimated classification error of 0.001. Interestingly, when this microRNA was combined with a poorly performing singlemicroRNA classifier, let-7g (ranked Ͼ20 in the list of singlegene classifiers), it resulted in a two-noncoding gene classifier with a low estimated error, Ͻ0.001 (Table 5 ). In addition, the let-7a, miR-141, and miR-375 triple classifier exhibited unique properties, as all three microRNAs performed poorly as single classifiers (ranked Ͼ15 in the list of single-gene classifiers). This shows that when combined, these microRNAs increase the power of classification with a low estimated error, Ͻ0.001 (Table 4) . Moreover, let-7a and let-7c appeared frequently in the top 10 triple classifiers. For example, let-7 family members let-7a and let-7c performed well as classification features when combined with miR-215 and miR-21 (Table 4) , well-known colon cancer microRNAs (4, 67) . Interestingly, miR-215 was also significantly enriched as assessed by GSEA (Table 1) . miR-141, found to share a coherent relationship with its putative targets, also classified with the let-7 family. In summary, these microRNAs performed poorly as single classifiers, but when combined, they decreased the classification error (Fig. 5, A  and B) .
With respect to the classification of the n-3 PUFAenriched chemoprotective diet, comparison of the FA vs. CA treatments revealed that miR-19b, miR-21, and miR-93 appeared at the top of the single, double, and triple classifier lists (Table 5 ; Fig. 5, C and D) . These data, combined with the fact that miR-19b and miR-93 exhibited a significant coherent relationship with their putative targets (Table 3) , suggest an important role for these noncoding RNA. In addition, miR-106b when combined with miR-93 and miR19b produced a classifier with a low estimated error. With regard to the fat ϫ fiber interaction, for the CCA vs. FPA comparison, miR-200c appeared repeatedly in the single ε bolstered ϭ (0.033), double (0.001), and triple (Ͻ 0.001) LDA classifier lists (Table 5 ; Fig. 5, E and F) . In addition, miR-93 and miR-182 exhibited significant coherent relationships with their putative targets (Table 3) .
DISCUSSION
We have recently demonstrated that n-3 PUFA uniquely modulate carcinogen-directed noncoding microRNA signatures in the colon (17) . In this study, to further elucidate the biological effects of chemoprotective diets on microRNAs, we used an integrated global approach to assess total and polysomal mRNA targets. The large-scale prediction of targets across the whole genome allowed us to achieve a higher degree of specificity of prediction and to infer the regulatory activities of microRNAs in the colon. To date, a number of studies have utilized statistical/systems biology methodologies to identify microRNAs that may target genes in response to a pathophysiological state (31, 44, 88) . However, there is a paucity of integrative microRNA and mRNA expression studies that focus on early-stage colon cancer development and chemoprevention. Since mammalian microRNAs predominantly act to decrease target mRNA levels (26), our analyses focused on total and polysomal mRNA targets during the early promotional phase of malignant transformation.
We utilized four complementary approaches to elucidate the global effects of diet and carcinogen on microRNAs and total/polysomal mRNA profiles within the colon. Initially, GSEA was used to probe the effects of three biological conditions: 1) carcinogen (tumor vs. saline), 2) dietary fat effects in the presence of carcinogen (CA vs. FA), and 3) dietary fat ϫ fiber interaction in the presence of carcinogen (CCA vs. FPA). We subsequently identified 18 microRNAs that were significantly enriched in the three treatments based on the change in the expression of total or polysomal mRNA targets. Out of 18 microRNAs, eight were significantly enriched, as assessed by their total mRNA targets, while nine microRNAs were significantly enriched with respect to their polysomal mRNA targets. In addition, miR-206 was significantly enriched with respect to both its polysomal and total mRNAs targets. These data suggest that polysome trafficking of transcripts and microRNAs plays an important role in experimental colon carcinogenesis. The notion that microRNAs localize to polyribosomes is consistent with the translational downregulation of specific mRNAs (35, 42) . We argue, therefore, that studies employing polysome purification/ribosome profiling and microarray analysis are needed to fully elucidate the mechanisms of translational deregulation associated with colon tumor development.
For the purpose of inferring the relative activity of each microRNA, we also examined the expression level of target transcripts, assuming that if the target mRNA is downregulated by treatment, then the microRNA activity is likely to be enhanced. With the aid of microRNA-mRNA target prediction algorithms Target Scan and DIANA-microT, we identified the microRNA-mRNA coherent pairs using only those microRNAs that were highly abundant, were significantly altered, and shared a coherent relationship with their mRNA targets. We avoided using the intersection of overlapping computational algorithms because enrichment is weak at best (59, 62) . In addition, Target Scan performs well in predicting targets for microRNAs (28, 79) . With respect to carcinogen effects on colonic microRNAs, miR-15b, miR-16, miR-107, miR-141, miR-204 have been also shown to be downregulated in human colon cancer (18, 49, 77, 86) . Although there is no literature regarding the association of miR-146 and miR-148b with colorectal cancer, they are altered in central nervous system tumor-derived cell lines (21) and thyroid tumors (51) .
Consistent with the inverse trend of putative targets in carcinogen-modulated microRNAs (Table 2) , miR-15b/ miR-16 and miR-107 have been linked with RASSF5 (ras- (27, 64) . RASSF5 is a member of the RASSF family, which has been shown to be a tumor suppressor and is proapoptotic (30, 78) . Our data also suggest that TCF12, which is upregulated in tumor samples, may be targeted by miR-141, miR-183, and miR-204. TCF12 is a transcription factor abundantly expressed in Paneth cells of the small intestine (70) . Interestingly, the activation of TCF12 may play a role in Paneth cell differentiation in colonic neoplasms (29) . Therefore, TCF12 targeting by miR-141, miR-183, and miR-204 may mediate the differentiation of the stem cell niche, and disruption in this mechanism may contribute to colonic neoplasia. Recently, it has been reported that miR-204 represses SIRT1 whose expression is regulated during embryonic stem cell differentiation (60) . We also noted a downregulation of FLI1 and upregulation of its targeting miR-193a, which may participate in tumor progression by activating ␤-catenin transcription (47) . Next, we applied LDA to classify treatment effects on colonic microRNAs. The number of gene features for each linear classifier was limited to three, which allowed for an exhaustive search. Using this technique, we found a number of microRNAs to be strong single classifiers, including miR-21, a well-known oncomir in colon cancer (4) . In contrast, several microRNAs did not classify well; however, when paired with other poor single classifiers, the pair-wise combination was strong with low estimated errors.
With respect to the effect of dietary lipid source (CA vs. FA), miR-18a, miR-19b, miR-27b, miR-93, and miR-497 were downregulated in corn oil ϩ AOM-compared with fish oil ϩ AOM-treated rats, reaffirming that n-3 PUFA modulate the effect of carcinogen with respect to both microRNA and target gene levels (17) . With respect to disease progression, several studies have reported a bivalent role for the miR-17-92 cluster, i.e., it has both tumor suppressor and oncogenic properties (13, 52, 73) . miR-18a and miR-19b are a part of the miR-17-92 cluster, and repression of miR-18a leads to an increase in cell proliferation and promotes anchorage independent growth in HT-29 colon adenocarcinoma cell line (74) . Interestingly, even though miR-18a has been shown to be upregulated in several cancers, studies have indicated that the expression level of the members of miR-17-92 cluster depends on the cell type (9, 20, 76) . Furthermore, miR-19b was reported to be downregulated in Crohn's disease (84) . Other notable observations include miR-27b, which shared a coherent relationship with total mRNAs ATP2B1, LIMK2, PARD6B, and ZADH2 and polysomal mRNAs SLC6A6, GATA2, and ATP2B1. Interestingly, n-3 PUFA-fed animals injected with carcinogen exhibited an increase in miR-19b levels and decreased IGF1R levels, which would favorably modulate apoptosis and cell cycle activity within the colon. These findings are consistent with previous reports that fish oil blocks AOM-induced colon tumorigenesis by increasing apoptosis and suppressing cell proliferation (11, 15) . Overall, the data are noteworthy, because in the absence of comprehensive human data, the AOM chemical carcinogenesis model serves as a highly relevant means of assessing human colon cancer initiation and progression (1, 85) .
With regard to dietary combination chemotherapy, i.e., fat ϫ fiber interaction in the presence of carcinogen (CCA vs. FPA), we observed a coherent relationship between miR-15b, miR-16, miR-18a, miR-19b, miR-20a, miR-26b, miR-27b, miR-93, miR-98, miR-107, miR-130b, miR-182, miR-183, miR-195, miR-196b, miR-203, and miR-497, and their respective mRNA targets (Supplemental Table S1 ). Of these, miR-19b, miR-26b, miR-27b, and miR-203 showed a strong coherent response with respect to total mRNAs, PTK2B, IGF2R, PDE4B, ATP2B1, and TCF4, respectively. All four microRNAs were downregulated in CCA-compared with FPA-treated rats. Furthermore, we examined a subset of these targets at the protein level and verified that PTK2B, PDE4B2 and TCF4 were also upregulated by about twofold in CCA compared with FPA treatment, while the expression of their microRNAs were downregulated (Fig.  3) . This is noteworthy, because TCF4 is a well-known transcription factor involved in Wnt signaling, and mutations in TCF4 are linked to colon cancer development (22) . We have previously demonstrated that colonic ␤-catenin signaling, an upstream mediator of TCF4, is suppressed in fish oil-/pectin-fed, AOM-injected rats (75) . Therefore, dietary fish oil ϩ pectin is capable of blocking the AOMmediated downregulation of miR-203, thereby suppressing TCF4 and preventing the further subversion of Wnt signaling. PTK2B protein tyrosine kinase, a predicted target of miR-19b, has been shown to be involved in several signaling cascades and is overexpressed in malignant gastrointestinal stromal tumors (33) . The level of PTK2B was upregulated in CCA compared with FPA at both the mRNA and protein level. PDE4B2 (variant of PDE4B), which is a predicted target of miR-26b, was also upregulated in CCA animals. This phosphodiesterase limits cAMP-associated apoptosis in a number of cancers (46, 66) . In the integrative computational analysis, we also noted that IGF1R and IGF2R were predicted targets of miR-19b. Interestingly, there was no significant change in IGF1R at the protein level in CCA vs. FPA comparison. Collectively, these findings support the claim that pleiotropic bioactive components generated by fermentable fiber (butyrate) and fish oil (DHA and EPA) work coordinately to protect against colon tumorigenesis (12, 32) .
In summary, we have documented the combined effects of dietary bioactive agents and carcinogen on microRNA and mRNA expression profiles in the rat colon. The fact that global microRNA expression patterns in human and rat AOM-induced tumors are similar (17) supports the utility of this model. Four complementary computational approaches were utilized to demonstrate that microRNAs and their putative mRNA targets, i.e., both total mRNAs and actively translated mRNA transcripts in polyribosome complexes, are differentially modulated by carcinogen and chemoprotective diets. Furthermore, immunoblot analyses were carried out, and oncogenic targets of miR-19b, miR-26b, and miR-203 were downregulated by the chemoprotective fish oil ϩ pectin-containing diet. These microRNAs will be the focus of future experiments involving knockdown and overexpression strategies. We also conclude that polysomal profiling is tightly correlated with microRNA changes when compared with total mRNA profiling. To our knowledge, this represents the first integrated analysis of microRNA and mRNA expression at an early stage of cancer development.
